The biological interest of oligosaccharides is growing very rapidly, and necessitates the development of efficient synthesis reactions. The stereo-and regio-selectivity of enzyme catalysis is a key advantage in this field, as a complementary tool to the chemical approach. Two types of enzymes can be applied to the obtention of oligosaccharides: Hydrolytic enzymes, which can catalyze either reverse hydrolysis (thermodynamic control) or transglycosylation (kinetic control) synthesis reactions; and transferase enzymes, which can use simple carbohydrates from agricultural origin as glycosyl donors.
Introduction
The key informative role of oligosaccharides in biological systems is becoming more obvious every day [1] .
This role has been completely underestimated for a while. This is mainly due to the difficulty to elucidate the structure of carbohydrate units and to synthesize standard derivatives efficiently.
In fact, while 3 different amino-acids or nucleotides allow the synthesis of 6 different peptides or oligonucleotides respectively, 3 different hexopyranose units will yield 720 different trisaccharides [2] . This impressive structural variety of carbohydrates results in their key involvement in specific recognition mechanisms in biological systems.
As a consequence, it becomes more and more important to develop efficient synthesis routes, easy to scale-up, to give access to useful oligosaccharides. At this level, the outstanding stereo-and regio-selectivity of enzyme catalysis can be considered as a complementary tool to chemical synthesis which necessitates complex successive protection and de-protection steps [2] . This paper will focus on the enzymatic methods which have been developed for oligosaccharide synthesis using simple carbohydrates from agricultural origin as starting materials.
Oligosaccharide synthesis
Two main types of enzymes are used to catalyze oligosaccharide synthesis: hydrolases (glycosidases: EC 3.2.) and transferases (glycosyl-transferases: EC 2.4.). Most of these enzymes,are of microbial origin.
Glycosidases
These hydrolytic enzymes are able to catalyze either the direct coupling of glycosyl moieties by simple reversion of the hydrolysis reaction, or the 0168-6445/95/$29.00 © 1995 Federation of European Microbiological Societies. All rights reserved SSD1 0168-6445(94)00052-2 transfer of a glycosyl residue from an activated donor onto an acceptor.
Reverse hydrolysis
Glycosidases can catalyze as well the hydrolysis of osidic bonds or their synthesis. The position of the final equilibrium will be purely controlled by the thermodynamic reaction conditions:
Glycosidase A-H+B-OH .
• A-B+H20
where A and B are glycosyl moieties. According to the law of mass effect, shifting such a reaction equilibrium from hydrolysis towards synthesis can be obtained by: increasing reactant concentration; decreasing water activity; removing reaction product from reaction medium by precipitation, extraction or transformation into another product. Gluco-, manno-and galacto-oligosaccharides have been synthesized by this approach [3] . One illustration is the synthesis of raffinose (a-o-Galp-(1 --* 6)-a-D-Glcp-(1--* 2)-fl-D-Fruf) from a solution containing 10% (w/v) galactose and 50% (w/v) sucrose, catalyzed with an immobilized ct-galactosidase from M. vinacea [4] .
Glycosidases are widely available and can be highly thermostable. This allows to operate at high temperature with concentrated carbohydrate solutions. The main limits of the reverse hydrolysis approach are the low activity of glycosidases in concentrated solutions, the low yield of carbohydrate conversion and the obtention of isomer mixtures [5] .
Tr ans glycosy lation
Hydrolysis reactions are transfer reactions involving water as a final acceptor. A covalent enzymesubstrate intermediate is very often observed in the reaction mechanism pathway. It is possible thus to use glycosidase enzymes to catalyze the transfer of a glycosyl moiety from a glycoside derivative onto an acceptor molecule, which generally contains a hydroxyl group: +C A-B+E .
• B+E-A -\ • A-C+E
H2oJF
E+A where A-B, glycoside donor, E, glycosidase; C, acceptor. In this case, the reaction efficiency is kinetically controlled, as the product, A-C, is a potential substrate of the glycosidase enzyme. The final reaction yield will be increased by: using an efficient acceptor molecule; increasing donor and acceptor concentration; decreasing water activity; and removing the final product from the reaction medium.
In addition to carbohydrates, glycosides, such as p-nitrophenyl glycosides for example, can be used as donors [6, 7] . The selection of the structure of the acceptor allows to control to some extent the type of glycosidic bond formed [6, 7] .
In most of the cases, transglycosylation approach is characterized by higher reaction rates and yields than reverse hydrolysis.
Transferases
Transferase enzymes catalyze group-transfer reactions even in dilute reaction conditions, according to the following scheme:
where A-B, donor carbohydrate or glycoside; E, glycosyl-transferase; C, acceptor. The energy necessary for the synthesis reaction is provided by the original osidic bond and stored as a covalent glycosyl-enzyme intermediate E-A. A variety of carbohydrate compounds can be used as acceptors, as well as hydroxylated compounds and even inorganic phosphate [3] . Besides such intermolecular transfer, the donor molecule can also play the role of acceptor to yield an intramolecular transfer reaction.
Intramolecular transfer
Cyclodextrin synthesis. These cyclic derivatives of D-glucose have known a renewed interest during the past decade. They were first characterized in 1903 by Schardinger. Cyclodextrins are obtained by the action of microbial cyclodextrin glucanotransferase (CGTase: EC 2.4.1.19.) on starch [8] . Starting from the helicoidal structure of amylose, CGTase catalyzes the cyclization of D-glucose oligomers con-taining 6, 7 or 8 o-glucopyranosyl residues linked by ~(1 ~ 4) osidic bonds to yield respectively or-, rand y-cyclodextrins:
CGTase is also able to catalyze disproportionation reactions:
Cyclodextrins are characterized by the property of their inner tore to exclude water molecules and thus behave as an hydrophobic medium. On the contrary, the presence of water available hydroxyl groups on the outer tore allows their solubility in aqueous media. This amphiphilic structure results in the possibility of using cyclodextrins to solubilize and transport hydrophobic compounds in aqueous solution.
Up to now, only /3-cyclodextrins are industrially available, due to their lower production cost. In fact, /3-cyclodextrins present a lower solubility than c~-and y-cyclodextrins, which facilitates their recovery from the reaction medium.
In the pharmaceutical field, cyclodextrins are of interest for solubilizing hydrophobic drugs. Regulatory approval problems limit their use in food applications. A significant decrease in production cost will be necessary to open new applications.
Cyclofructan synthesis. Recently, japanese researchers have discovered a new cyclofructan transferase from Bacillus circulans, which catalyzes the synthesis of cyclofructan molecules from a D-fructose polymer, inulin [9] . These cycloinulo-oligosaccharides contain 6 to 8 D-fructofuranose residues linked via cyclic fl(2 ~ 1) osidic bonds. Maltose plays in this case both the role of glucosyl donor and acceptor. This transglucosylation reaction is developed at industrial scale in Japan by Hayashibara [13] . The interest of high panose content isomaltooligosaccharides is their very low hygroscopicity and their ability to improve the rheological properties of the products in which they are incorporated [13] .
The same a-transglucosidase enzyme can also use aliphatic alcohols as efficient acceptors, besides carbohydrates. For example, the enzyme from Talaromyces duponti or Aspergillus niger catalyzes the transfer of D-glucosyl units from starch or maltose onto butanol to obtain a-butyl-glucoside stereospecifically [14] . It must be noticed that the chemical butanolysis of starch yields a mixture of a-and fl-butyl-glucosides, which cannot be dried, a-Butylglucoside, on the opposite, can be easily obtained under a solid form. It can be used, in particular, as a very interesting starting material for the enzymatic synthesis of a wide variety of ester derivatives, due to its solubility properties in polar non-aqueous media.
Isomaltulose synthesis. An enzyme from Protaminobacter rubrum catalyzes the intramolecular transfer of the D-glucopyranosyl moiety of sucrose from the carbon 2 to the carbon 6 position of the D-fructofuranosyl residue, giving the reducing disaccharide isomaltulose also named palatinose [10] . This reaction was discovered in 1957 by Weidenhagen and Lorenz [11, 12] . Since then other microorganisms able to transform sucrose into isomaltulose have been identified [10] . Isomaltulose is non-cariogenic 
Fructosyl-transferase. The Japanese company Meiji
Seika has developed the synthesis of non-reducing oligosaccharides known as Neosugar ® using a fructosyl transferase isolated from Aspergillus niger and from Aureobasidium pullulans [15] , according to the reaction:
Fructosyl-transferase nG-F , G-F n+(n-1)G Sucrose with 2 < n _< 4 Neosugar ® Neosugar ® is a mixture of glucose, sucrose, and fructo-oligosaccharides containing /3(2 ~ 1) linked fructo-furanosyl residues with a terminal glucose unit (1-kestose, nystose, fructosyl-nystose). Glucose and sucrose can be removed from the reaction mixture by ion exchange chromatography to obtain a product with increased fructo-oligosaccharide concentration.
Very similar fructo-oligosaccharides, containing or not a terminal glucose unit, can be obtained by enzymatic hydrolysis of inulin, which is a linear polymer containing o-fructofuranosyl units linked via fl(2 ~ 1) osidic bonds [16] . Industrial production utilizes chicory roots as a source of inulin.
Fructo-oligosaccharides are not digested in the stomach and the small intestine. In addition, they are selectively fermented in the big intestine by the so-called positive bacterial flora, and particularly bifidobacteria, thus preventing the growth of detrimental bacteria [17] .
A high molecular weight o-fructofuranosyl polymer containing fructose units linked via fl(2 ~ 6) osidic bonds can be synthesized by the levan sucrase enzyme from Bacillus subtilis [18, 19] .
Glucosyl-transferase. Dextran sucrase (EC 2.4.1.5.) catalyzes the synthesis of high molecular weight D-glucose polymers known as dextrans. They contain o-glucopyranosyl units linked through c~(1 ~ 6) osidic bonds in the main linear chain, while branching results from a(1 ~ 2), or(1 ~ 3) and a(1 ~ 4) osidic bonds according to dextran sucrase origin [20] . This glucosyl-transferase is an exocellular enzyme mainly produced by the soil bacterium, Leuconostoc mesenteroides, and also by Streptococcus sp. It catalyzes the reaction: dextran sucrase nG-F , G n + nF sucrose dextran fructose
In the usual conditions of action onto sucrose, a high molecular weight polymer (106-107 d) is obtained. This is the case, for example, with the enzyme from L. mesenteroides NRRL B-512F which is used to produce the dextran polymers of industrial interest (chromatography supports, photographic emulsions, iron carriers, blood plasma substitutes). If efficient acceptors are added to the reaction mixture, dextran sucrase catalyzes the synthesis of low molecular weight oligosaccharides instead of high molecular weight polymers [21] [22] [23] . Maltose and isomaltose are the most efficient acceptors in this reaction.
When using as a catalyst the dextran sucrase from L. mesenteroides NRRL B-1299 and maltose as acceptor, it has been possible to obtain glucooligosaccharides which present one or more o-glucopyranosyl units linked via a(1 -~ 2) osidic bonds [24] (Fig. 1) .
Such oligodextrans present the very unique property of being highly resistant to the attack of digestive enzymes, and thus not metabolized. It has been shown that such glucooligosaccharides (GOS) are not at all digested by germ-free rats, which do not have any digestive microbial flora [25] . In addition, they are selectively fermented by bifidobacteria, lactic bacteria and Bacteroides sp., thus preventing the growth of detrimental bacteria. This allows to develop the concept of Ecological Health Control Products (EHCP): in animal husbandry, it is possible to limit the systematic use of antibiotics just simply by using as feed ingredient simple oligosaccharides which equilibrate the intestinal microbial flora.
A similar approach has been applied to the ecology of skin microbial flora. In fact, the presence of lactic bacteria on the skin is essential to prevent the growth of detrimental microorganisms which induce skin problems (acnea, bad smell, irritation, ... ). It is possible to promote efficiently the growth of such positive bacteria by incorporating GOS in dermocosmetic formulations [26] . Two lines of products containing such GOS as active ingredients are marketed since September 1993 by Liphaderm, a Merck subsidiary.
Conclusion
The biological importance of oligosaccharides is increasing very rapidly. Their key role in most of the specific recognition phenomena is more and more underlined.
In fact, their highly complex structure allows very specific interactions. But this complex structure is also a limitation to the possibilities of developing efficient synthesis methods.
The large scale application of such oligosaccharides in various fields (agrochemistry, cosmetics, food and feed) and particularly health applications (drug targetting, inflammatory phenomena, immunostimulation, ... ) will necessitate to make available easy to scale-up synthesis methods.
In this context, enzyme catalysts can be of outstanding interest for the synthesis of oligosaccharides, according to their high stereo-and regio-selectivity.
Several gluco-and fructo-oligosaccharides of industrial interest are already marketed.
The broadening of the application of such enzymatic synthesis routes needs: (i) the development of new glycosidases and glycosyltransferases, as well through classical microbial screening as by site-directed mutagenesis of enzymes of known structure.
(ii) an improved control of the operation of such enzymes under non-conventional conditions (highly concentrated reaction media, in the presence of organic solvents, etc).
The combination of these two approaches will open the way to the production of a wide set of new molecules of obvious biological interest.
